District heating (DH) is an increasingly exploited technology because of the possibility of integrating various high performance technologies fed by different source (including renewable). The research activity on optimal management of DH networks is still thriving because of the possibility to achieve high efficiency and increase exploitation of renewable energy sources and waste heat. In this paper, a multi-purpose software for the optimal management of DH networks is propose and tested on a real network. The multi-purpose software has the aim of achieving optimal management on demand side. The main goals of the proposed platform are: a) making data automatically gathered in the substations, suitable for modelling purposes b) automatically detecting fouled heat exchanger c) forecasting of the thermal request evolution of the building and d) indicating how properly perform demand side management, taking into account the network dynamics. The approach presented relies on a) a physical description of the district heating network and b) data collected by the monitoring systems usually installed in the district heating substations for billing purposes. For the first time in the author knowledge, a multi-purpose platform including demand side management and fouling detection is tested on a large-scale application. The software is based on methodologies developed in years of studies and has been tested on a part of the largest district heating network in Italy.
INTRODUCTION
The fortune of DH technology is due to the possibility of using, for space heating and hot water production, instead of small combustors with low efficiency:
(1). high performances technologies, such as heat pumps [1] [2] [3] and cogeneration plants [4] [5] . (2) . Heat wasted from industrial applications [6] [7] . (3). Renewable energy sources [8] [9] . Several works in the literature show the interest for reaching higher performances and flexibility; among them are [10] [11] [12] . In particular, description for the next generation DH systems are proposed and described in various paper [13] [14] [15] .
However when considering real networks, especially if large and dating back several years [16] [17] [18] , these are often outdated. Changes in these kinds of network would allow saving energy as well as reducing pollutant emission, fuel consumption and energy costs. Nevertheless, modifications in large networks require great care because of their complexity, long distances involved and long transient due to the high water quantity within the pipelines.
Among the most significant problems in large DH systems are a) gaps between demand and supply, in particular in case of thermal peak occurrence and b) anomalies in heat exchanger operations.
Concerning the gap between demand and supply the main issue concerns peak load. This problem is crucial in Mediterranean areas where heating systems are off during the night in the morning the request dramatically rises. Effects of thermal peaks are multiple such as a) high pumping cost [12] b) large water velocity not allowing connection of further buildings [19] c) reduced possibility of plant selection (since most of them must be used to cover peaks) d) difficulties in managing malfunctions [20] . A common approach used for managing thermal peaks consists in using thermal storages, as shown in [21] [22] [23] [24] . A different approach to achieve peak shaving is application of demand side management, also called demand response or virtual storage [25] [26] [27] . It consist in modifying the thermal request of the users by managing the setting or the schedule of heating systems in the building. This is interesting since avoid high costs and issues related to space availability typical of thermal storage installation.
Another crucial problem in large DH networks consists in preventing that heat exchangers works in abnormal conditions. One of the main causes of anomalies in substation heat exchanger is the fouling presence. Detection of fouling is a significant point to guarantee high DH system performances and comfort conditions within buildings. Performance in case of fouled heat exchanger significantly decreases [28] .
In order to tackle these problems, different analysis have been proposed in the literature. Methods for monitoring DH substations are proposed in [29, 30] , test for the exploitation of the building capacity to perform demand side management are carried out in [31, 32] , analysis for the exploitation of network thermal capacity [33] .
In this framework, we present here an intelligent multipurposes platform, that has been applied to a large DH system (the largest in Italy and one of the largest in Europe). This consists in a software for network management, including different models:
(1). A platform for the data charging, pre-processing, and reorganization, that make them suitable for modelling purposes.
(2). A tool for the plot of the fouling level of all the heating system substations; this allows technician detecting fouled heat exchangers. (3) . A model for forecasting building thermal request evolution. (4) . A demand side management optimizer for evaluating the best heating system rescheduling with the aim of minimizing thermal peaks. This is a summary of a considerable work lasted two years, including a) conception of ideas for the four steps discussed b) global system design c) implementation d) testing phase on the Turin DH network. The main strength of this work stand in the possibility of significantly improving the performances of a DH systems only relying on data that are usually available, i.e. data monitored for billing purposes.
Furthermore, in the author knowledge, for the first time a real application of demand response and fouling detection on a large scale DH system is tested. Results show that the global system for network management can provides reduction of peak (with current strong limitation) of 5 %, that can reach 30 % by relaxing these limitations and a correct detection of fouled heat exchanger with t consequent reduction of primary energy needs.
AUTOMATED MANAGER INFRASTRUCTURE Figure 1. Smart DH manager description
The multi-purpose tool here presented is developed for being used automatically in large DH networks; for these reasons modelling approaches and implementation have be smart, fast and carefully planned. The smart prototype for network management includes four sub-tools. These are represented in Figure 1 . The first part of the software (TOOL1) is a platform for the data pre-processing. This allows managing data measured in the thermal substations, in order to make them proper for being use in the subsequent steps. This is described in section 2.1. The second, TOOL 2, is an automatic detector of eventual fouled heat exchanger. TOOL 2 has two main goals. The first is to show the technician presence of fouled heat exchanger so that they can plan cleaning procedure, significantly improving performances of the DH system. The second is to exclude fouled heat exchangers from the following analysis since they behave abnormally. The third phase (TOOL 3) concerns the forecast of the thermal request evolution of each building. Knowledge of the forecasted load allows performing a series of operations, such as demand side managements, with a good level of accuracy. The last part include a demand side management model (TOOL 4), for modifying properly the user request evolution with the aim of obtaining a flatter network request by shaving thermal peaks.
Pre-processing platform
The pre-processing platform is often a necessary task for the applications that use data gathered from experimental test or data collection systems. In this case, this is done to make measured data suitable for modelling purposes. The preprocessing platform includes:
A tool for the automatic loading of the historical data of each substation. Data collected by the smart meters are mass flow rates and temperature measured each 5 minutes (as described in detail in section 3). Historical data, including a file for each day and for each quantity, are opened automatically in the pre-processing software. Files include data for 3 years. The first test of the platform developed has been done on 10 distribution networks (about 350 buildings); the amount of data in this case was of about 10
7.
An automatic model for reorganizing data in matrices, one for each quantity analyzed and one for each distribution network. The matrices have as many column as the number of building located in the distribution network and as many rows as the time considered for the analysis (depending on the time step selected and the considered period).
An automatic system for data gap managements; this is used to automatically evaluate data out of meaningful range, i.e. data gap, and fill them through proper interpolation.
Automatic evaluation of the quasi steady state condition, for each users and each day. Quasi steady state is a period of the day when the power supplied to the building is about constant since it is only affected by small oscillations. This is done since the analysis of heat exchanger fouling level should be done to during steady state operations (details in section 2.2). To this end, a routine has been used: the daily power evolution is scrolled until a time sufficiently long where the thermal demand varies little (less than a given tolerance) is found.
The automatic estimation of the main curve characteristics (see section 2.3) used to simplify the daily thermal request evolution; this is done to easily make the thermal request prediction. This step needs various precautions because of the measurement errors that sometime makes data evolution very A model for the automatic data saving in the proper format and folders for the automatic utilization in the following steps.
Fouling detection
Fouling detection is not straightforward in case no pressure measures are available. In case of DH substations, no pressure meters are usually installed. The research activity the authors developed had the main aim of evaluating of a quantity that can be used for the automatic detection of fouled heat exchanger. Various quantities have been tested before selecting the best one. The quantity used for detecting fouling should take into account the variation of the heat exchanged, depending on the external temperature (the higher the external temperature, the lower the heat exchanged). For this reason the relations among a quantity and a variable (heat exchanged or mass flow rate preprocessed) are used. The quantities are FUA, which is the product of the heat exchange area A, the global heat exchange coefficient U and the factor taking into account that the heat exchanger is not perfectly countercurrent and LMTD i.e. is the logarithmic mean temperature difference. Relation between the two quantities and the fouling factor are given in Eq. 1-2:
Among the most meaningful relations individuated are:
(1). FUA(ϕ) where the angular coefficient represents the ratio 1/ LMTD; (2) . FUA(G), where the angular coefficient is proportional to NTU; (3) . LMTD(ϕ), where the angular coefficient represents the product UAF (4). LMTD(G), where the angular coefficient is proportional to 1/NTU; All these quantities have been evaluated by means of data gathered at the substation and processed in the pre-processing platform. All the four quantities cited allow detecting fouling presence, since in fouled condition UAF is expected to be smaller and NTU is expected to be larger. However, the evolution should be converted in a quantity that automatically can detect the fouling presence. For this reason, only one of them has been selected. This is FUA(ϕ) , since experimental analysis, reported in section 4.2, shown that is a quantity particularly suitable for the fouling detection.
Evaluation of the heat exchanger performances, for being meaningful, must be performed during steady state conditions. For this reason it is important creating a model that allows to extract data of the stationary condition during the day. This is done during the pre-processing stage, as described in section 2.1. The approach of scrolling the thermal request until a steady state condition is found, is used for each day, for each building in all the distribution networks. This allows obtaining a data set sufficiently high for getting a clean condition for each heat exchanger.
Demand forecast
Concerning the demand forecast, this is based on the idea of identifying a series of the main points (main curve characteristics) of the thermal request evolution and predict the position of these points. The evaluation of the simplified evolution to get the main curve characteristics is depicted in Figure 2 .
Figure 2. Thermal profile simplification
The procedure includes the following steps: (1). Some characteristics of the profile have been selected as the more significant, starting from a typical profile; these are reported in Table 1. (2). These characteristics allows one evaluating the heat flux and time (x and y in Figure 2 ) for all the point denoted by circles ( Figure 2) .
(3). Once the circle position is found, the profile is simplified as reported in the third graph in Figure 2 by the red dashed line.
The reasons this approach is selected are: a) it robust and avoids errors due to long period of data gaps, b) it is simple since allows predicting the entire thermal evolution, by only predicting a limited number of quantities c) requires very low computational costs. It makes the model reliable, robust and suitable for large scale application. The evaluation of the thermal request is done by means of a black box approach, constituted by a linear model, providing the main curve characteristics, given a set of input data (hereafter described). The model is trained by means of experimental data. More details are given in [34] .
In order to define the inputs, i.e. the quantities more affecting the thermal profile evolution, a preliminary analysis have been carried out. A series of variables are selected on the basis of a literature review [35] and tested. The main quantities affecting the thermal request evolution are found to be:
(1). the mean temperature in the previous day; (2) . the minimum temperature in the previous day;
THERMAL REQUEST MAIN POINTS OF THE THERMAL REQUEST SIMPLIFIED EVOLUTION
(3). the maximum temperature in the previous day; (4). the mean temperature (forecast) in the current day. Solar radiation I, humidity φ and wind intensity v are not taken into account for the model.
Demand side management
As in several other Mediterranean cities, the building heating systems are switched off at night and this causes a significant thermal peak in the morning. This causes a series of negative effects, discussed in the introduction section. In these cases, demand side management can be used with the aim of minimizing thermal peak amplitude. A simple but effective way consists in properly shifting the building thermal load by rescheduling the heating systems. This makes the occurrence of the various thermal peaks more distributed in time and the thermal load at the thermal plant flatter.
The evaluation of the best set of anticipation to be applied at building schedule is done by using an optimization approach. The independent variables of the optimization are the modification on the heating system schedule, i.e. the anticipation on the time they are switched on. The time anticipations are discrete, since the remote schedule control system acts with time step of 10 minutes. An heuristic approach has been used since this allows managing non-linear problems and avoid local optima. In particular, a genetic algorithm (GA), which was successfully applied in various fields [36] [37] [38] , was selected.
An important aspect that must be addressed concerns the network dynamic. The best peak shaving has to be evaluated at plant level. The load at the plants is not the summation of the thermal requests in the buildings because of the thermal transient phenomena within the network [39] . These include the thermal losses between the pipelines, the time the water takes to travel the network, the mixing between various water streams, the thermal transients in the network, due to the large quantity of water in the pipes. These phenomena can be taken into account by means of a network model. In particular, in this work a one dimensional model, based on a graph approach is used to solve mass (Eq. 3), momentum (Eq. 4) and energy conservation equations (Eq. 5), applied to the entire network.
• + = 0
Momentum and mass problems can be solved as steady state since fluid-dynamic perturbations travel the network in a period of time smaller than the time step adopted for calculations (60 s). The thermal model instead is transient since it must consider the water variation that travel with the water velocity. Further detail and validation can be found in [40, 41] .
The network model is thus used to evaluate the global heat request and it strongly depends on the load anticipation of the various buildings (independent variables). The set of anticipation providing the most significant peak reduction in the overall thermal request is found with the genetic algorithm optimizer. The optimization process provides the following information: a) the peak reduction that can be achieved b) the best time anticipation in each building.
TEST CASE.
The Turin DHS is the largest in Italy and one of the largest in Europe supplying 60 million m 3 of buildings, an annual thermal request of 2160 GWh with a maximum thermal load of 1.4 GW. A schematic of the system is shown in Figure 3 .
Figure 3. Schematic of the DH network considered
The network can be divided into two main parts: the transportation network, connecting power plants with the various city areas, and several distribution networks, connecting the main pipeline to the buildings. The main pipeline and three up to 182 distribution networks are depicted in Figure 3 . For the current test 10 up to 182 distribution networks have been considered.
As described in section 2 the platform developed relies on data gathered at the DH substations. These are gathered by a system for measurements and automatic data collection installed in all the building substations. The metering system is characterized by temperature and mass flow rate meters installed at the inlet and outlet sections of the heat exchangers. Figure 4 shows the evolutions of temperatures at the inlet and outlet section of the heat exchanger, the mass flow rate on the primary side and the heat fluxes exchanged. Data in Figure 4 are referred to a typical winter day for an entire distribution networks. Mass flow rate and heat flux evolution clearly show the cause of the large thermal peak occurring in the morning: this is the large number of hours the heating systems are switched off in the night. 
Pre-processing stage
In this section, results related to the pre-processing stage have been reported. In particular Figure 1 shows the two main results of the platform. Figure 1a depicts the outcomes of the automatic detection of the main curve characteristics. In particular, the figure depicts the thermal evolution in clue and, in black, the point detected. Figure 1b shows results of the steady state condition evaluation, that is used for the fouling detection stage. The figure shows the thermal evolution in blue and, in red, the steady state condition. The cases considered in Figure 5 have been randomly selected. It is evident that both the sub-platform used to get Figure 5 (a) and (b) allows evaluating with an optimal level of approximation the quantities required.
Fouling detection
In this section, results related to fouling detection are reported. Figure 6 shows FUA as a function of thermal power exchanged, which is the quantity that has been selected among the ones reported in section 2.2. The slope of the tendency line is significantly different from clean to fouled heat exchanger. The strong difference between the two tendency lines can be easily detected by evaluation their slope. Comparing slopes of data collected when the heat exchanger was clean and slope of current data allows evaluating eventual criticalities. This makes this approach very suitable in order to detect fouling despite the strong variation of heat exchanged at the substation. 
between fouled and clean heat exchangers are always higher than 20 %. The variation of the slope FUA is particularly suitable for the detection of fouling since through an automatic procedure it is possible evaluating a value that quantify the amount of fouling level. The selected quantity has been used with the aim of providing a system for the automatic map creation; this was made for the support of technician operations. Using results evaluated by means of the FUA(Φ) interpolation line, maps have been created where buildings are identified with colored points, depending on the fouling level of the heat exchanger. This is a valuable tool that can be used for saving energy and avoiding user complaints. 
Demand forecast
Forecast of the thermal request evolution through the main curve characteristics is here discussed. A comparison with measured data has been performed. The relative error achieved between predicted and measured values are between 8 and 14 % respectively for the steady state and peak request. Larger errors occurs at the beginning and in the end of the season, when thermal requests are low and although the absolute error is low, the relative error appears to be large. A more accurate analysis shows that of R2 is 0.95, higher than average values of works available in the literature (about 0.9) [27] . Because of the high variability of the load evolutions, simplicity of the model and eventual inaccuracy of in input data, these are significantly positive result. 
Demand side management
Demand side management is applied to the DH with the aim of minimizing the thermal peak requests. Figure 9 shows results of three experimental tests conducted in a distribution network of the DH system. Peak shaving in terms of thermal power reduction are depicted. Three tests have been performed in different days characterized by different weather conditions. In all the tests considered peak reduction between 0.4 and 0.6 MW are achieved for peak demand ranging from 7 and 10 MW. The error bar represents the range of peak reduction estimated by means of the simulation. The range has been obtained by considering the uncertainty of the input values and supply network dynamic. Peak shaving achieved are around 5-10 %.
Figure 9. Peak reduction achieved in the experimental tests
Results presented in Figure 9 have been obtained with specific limitations, since a) only a fraction of the heating systems can be subjected to demand response, (i.e. that having signed a specific agreement with company) b) only anticipation limited to 20 minutes are considered. In order to show peak reduction achievable with different fraction of buildings and various range of possible anticipation, Figure 10 is reported. Results show that, results strongly vary depending on the limitations. In particular, the percentage of building subjected to demand side management strongly affect the results. Compared to case where the maximum peak reduction is achievable (that has an assigned value of 100 %), with the same load shifting limitation, the benefit drop to 25 % if only 30 % of buildings are subjected to demand side management. These results show that high potential exists for application of demand side management for thermal peak shaving when modification can be done in a large number of buildings. Peak shaving bring significant benefits to the DH system since this allows connecting other buildings, reducing heat from heat only boiler (used for supplying peaks) and simplify the malfunction management.
CONCLUSIONS
In this work, authors present a multi-purposes platform, for the smart management of DH networks. The platform has been developed for being applied to large DH networks. The platform is the results of a two year activity spent for conceiving the modelling approaches, the platform design and carrying out the experimental tests. The prototype has been applied and tested on the Turin DH system. The platform is able to perform the following analysis:
(1). Charging, pre-processing, and reorganization, of the data collected by smart meters installed in the DH substations; this makes data suitable for modelling purposes.
(2). Automatic detection of the fouled heat exchangers in the DH substations and plot on a map of the most critical occurrence.
(3). Forecast of the building thermal request for the daily evolution.
(4). Demand side management for thermal peak shaving; this is done by optimally shifting thermal loads.
The proposed prototype only relies on data that are usually available in DH networks, i.e. data monitored for billing purposes. This enhance the applicability of the software to a large number of DH systems; this is very important since in the author knowledge, this represents the first complete application to a real network of a prototype for smart management including fouling detection, demand evaluation and demand side management. The software allows to significantly improve performances of DH systems, since reduction of peaks from 5 to 30 % can be achieved. Furthermore cleaning procedure allows saving primary energy since the return temperature are significantly lower. This makes DH technology more efficient.
Options for the future platform development, consist in including further blocks:
Model simulator to combine demand side management and thermal energy storage Use of different types of regulation technologies with the aim of implementing not only load shifting but also a modification of the request shape.
Including delay or different rescheduling for the various part of the day. 
